The nonlinearity parameter is frequently measured as a sensitive indicator in damaged material characterization or tissue harmonic imaging. Several previous studies have employed the plane wave solution, and ignored the effects of beam diffraction when measuring the non-linearity parameter . This paper presents a multiGaussian beam approach to explicitly derive diffraction corrections for fundamental and second harmonics under quasilinear and paraxial approximation. Their effects on the nonlinearity parameter estimation demonstrate complicated dependence of  on the transmitter-receiver geometries, frequency, and propagation distance. The diffraction effects on the non-linearity parameter estimation are important even in the nearfield region. Experiments are performed to show that improved  values can be obtained by considering the diffraction effects.
Introduction
When an ultrasonic transducer radiates waves into a medium, the on-axis response of amplitude and phase will deviate from that of a plane wave. This phenomenon is known as diffraction effects. One needs to adjust amplitudes or phases of actual acoustic waves to their plane wave values before they are used. This is the effect referred to as diffraction correction. In linear acoustics, it is well known that accurate corrections for diffraction effects are necessary for precise measurements ultrasonic quantities such as attenuation or velocity. It is also important to make appropriate corrections for diffraction in nonlinear acoustics, for instance, to realize a high precision measurement of the nonlinearity parameter  using the finite amplitude method [1] .
The early studies on diffraction corrections associated with linear waves date back to Williams [2] . He obtained an exact integral expression for diffraction correction for a uniformly vibrating piston when both transmitting and receiving transducers are the same size. Based on this, Rogers and Van Buren [3] developed an approximate solution of a closed form, valid for () 1/2 ≫1. Williams' diffraction theory was later used by Khimunin [4] [5] [6] to formulate a diffraction correction relative to plane waves. In Khimunin's [4, 5] approach, the diffraction correction was defined as the ratio of the average pressure over a receiving transducer to the plane wave pressure at the same distance.
Limitations of previous studies on receiver geometries have been addressed by Yamada and Fujii [7] , Beissner [8] and Szabo [9] , where the diffraction correction was solved for an arbitrary receiver size. All these diffraction issues apply to the corrections of fundamental wave fields. An approximate diffraction correction for the second harmonic wave was presented by Ingenito and Williams [10] , and used in later studies of nonlinearity parameter measure-ments [11, 12] .
Diffraction effects were neglected in many previous studies and measurements were usually made within the near-field region of the piston transducer [13, 14] . This imposed restrictions related to the size of sample being studied. 
Integral Solutions and Received Beam Fields
Two governing equations for the fundamental and second harmonic pressure components were derived in Ref. [15] depend on the receiver types, and the diffraction corrections will change accordingly. In this study, we will consider an ideal point receiver and a circular area receiver to calculate received signals and diffraction corrections.
First consider the received pressure by a point receiver moving along the  axis. Then, the on-axis pressures of fundamental and second harmonic fields can be obtained from Eqs. (1) and (2) by setting     : is computed from Eqs. (1) and (2), and 
MGB Models and Received Beam Fields
We have derived the multi-Gaussian beam 
where       is the Rayleigh distance,
It is noticed that in Eqs. (6) and (7) 
The same procedure as in the previous section can be followed to obtain the received beam fields from the MGB model equations.
When a point receiver is used, the received beam fields for the fundamental and second harmonics along the  axis can be obtained by setting      in Eqs. (6) and (7) 1 
The paraxial MGB approach easily separates diffraction corrections from total beam fields obtained from the quasilinear theory. As shown in Eqs. (12), (13), (16) and (17) 
Integral Solution-Based Diffraction Corrections
Now we define diffraction corrections based on the integral solutions of received fields in section 3, Eqs. In a similar manner, for a circular receiver of radius  the diffraction corrections are defined as
The diffraction corrections defined in Eqs. (16) to (19) will be referred to as the integral solution (IS)-based diffraction corrections.
When the transmitting and receiving transducers are the same, an approximate diffraction correction for the second harmonic was presented by Ingenito and Williams [10] .
This approximate diffraction corrections were subsequently used by Cobb [11] and Hurley and
Fortunko [12] in their measurements of nonlinearity parameter of fluids and solids. We will test validity of Eq. (22) by comparing with more accurate diffraction corrections, Eqs. (17) and (21).
Comparison of Diffraction Corrections
For simulation, consider a piston transducer of 2=9.5 mm diameter radiating into water at 
The number of expansion coefficients for   and   used in the MGB model are known to have effects on the beam field of the fundamental wave in the very near field. =25 expansion coefficients are used here to calculate the MGB model-based diffraction corrections because a larger number of expansion coefficients provided better beam fields [15] . The expansion coefficients are listed in [16] . Fig. 2(d) . The difference is about 15% at propagation distance =0.3 m. Therefore, one should be careful in using this equation for diffraction corrections of the second harmonic.
Effects of Diffraction Correction on

Nonlinearity Parameter
The plane wave solutions, Eqs. (8) and (9), provide a practical means to determine the nonlinearity parameter . From these equations, the expression for calculating  can be obtained (14) and (15) show the average pressure that is expressed in a quasi-plane wave form modified by diffraction corrections. Use of Eqs. (14) and (15) Experimental details can be found in [18] including receiver calibration for absolute measurements of fundamental and second harmonic displacements.
The nonlinearity parameter  of water was 
Conclusions and Future Work
The multi-Gaussian beam(MGB) model-based diffraction corrections for the fundamental and second harmonics were developed in this study.
They are given in closed-forms under the paraxial and quasilinear approximation, and are functions of transmitter and receiver geometries, fundamental frequency, and propagation distance. 
